Introduction
Human prion diseases are fatal neurodegenerative disorders with diverse phenotypes, including, but not limited to Creutzfeldt-Jakob disease (CJD), Gerstmann-Sträussler-Scheinker syndrome (GSS), fatal familial insomnia, and kuru. 1, 2 Various clinical symptoms may appear inprion diseases, such as cognitive dysfunctions, psychiatric symptoms, motoric impairment (ataxia, dysarthria), myoclonus, visual problems, or weakness. 3, 4 Genetics plays a role in prion diseases, but only 10-15% of all cases can be explained by genetic mutations. 5 Prion protein (PrP), consisting of 253 amino acids, is encoded by the prion gene (PRNP), located on chromosome 20. The exact role of prions remains to be elucidated, but they may be involved in different brain functions, such as neuronal protection, cell adhesion, and signaling, or circadian rhythm regulation. 6 More than 30 pathogenic mutations were reported within the PRNP gene (NC_000020.11), and the inheritance of prion mutations may follow a Mendelian autosomal dominant pattern. For example, p. Glu200Lys was a quite common causative mutation for familial CJD, 7 but several additional mutations, such as p.
Asp178Asn, 8 p.Val180Ile, 9 p.Val210Ile, 10 p.Tyr226Ter, 11 or p.Met232Arg, 12 were also associated with familial form of the disease. Interestingly, the limited variants in PRNP were also reported without prior family history of the disease (de novo disease cases), 5 such as p.Glu196Ala 13 and p.
Glu200Gly. 14 Classic CJD was usually rapidly progressive disease, and patients may die within one year after the disease onset. Clinical features could be the rapid decline of the cognitive functions, ataxia, visual and cerebellar problems, pyramidal and extrapyramidal dysfunctions, and myoclonus.
In the cerebrospinal fluid (CSF), the 14-3-3 protein levels may be elevated. 15 Several CJD cases were discovered with longer duration of the disease, younger age of onset, atypical findings in electroencephalogram (EEG) signal or or negativity for 14-3-3 protein marker in CSF. Patients with atypical CJD may be easily misdiagnosed as other neurological diseases, such as Alzheimer's disease (AD) or the frontotemporal dementia (FTD). 16, 17 In this study, a novel prion variant, PRNP p. Tyr225Cys was reported in a patient with atypical CJD. Diagnosis of atypical CJD was considered due to his slow disease progression with slow cognitive decline. Family history of the patient remained unknown; however, the chance of positive family history cannot be ruled out. An extensive genetic screen on this patient was performed with 50 neurodegenerative disease-associated genes. 16 In silico simulations were also performed to uncover possible pathogenic mechanisms of the mutation.
Case presentation
The study was performed in accordance with the latest revision of the Declaration of Helsinki and the Good Clinical Practice: Consolidated Guideline, approved by the International Conference on Harmonization and applicable to national and local laws and regulations. The patient and caregivers provided written informed consent. The patient was examined by the Korean CJD surveillance center. This report was approved by the Institutional Review Board (IRB) of Veteran Health Service Medical Center (IRB No. 2016-05-022).
A 59-year-old male was admitted to the Korean Veteran's Hospital in Seoul, Republic of Korea with a 5-year history of progressive cognitive, speech, and gait impairments. The patient was right-handed person with high school education, and had been living abroad without marriage. He did not have any history of drug addiction/ abuse or mental illness. Interestingly, his younger sister noticed and reported his speech impairment during phone conversations. During his first visit to the hospital, he mumbled words that did not fit to the situation or context. Later on, he was unable to communicate properly with other people, often repeating the same words. Two months prior to admission, the patient displayed rapidly progressive speech impairment with occasional mutterings of meaningless words. In the advanced disease stages, the akinetic mutism was observed. He was unable to test for the mini-mental state examination (MMSE).
Patient was initially diagnosed with slowly progressive dementia in a local hospital. Later, the memory decline became rapid and his movement slowed down. Sympathetic dysfunctions and stiffness were observed in both of his upper limbs. The rigidity and myoclonic jerks were observed in all limbs. Tendon reflexes and Babinski signs were normal. He did not use any recreational drugs. Initially, he was able to take care of himself; for example, taking a shower, dressing up, or eating without assistance. Upon examination, he became bedridden with spontaneous eye-opening. He made unintelligible screams and was unable to test for the MMSE. Rigidity and myoclonic jerks affected all limbs and without focal weakness. Tendon reflexes and Babinski signs were normal. Hematological screen, biochemical tests, and chest X-rays were unremarkable. EEG showed diffuse slow continuous delta activity in the bilateral cerebral hemisphere with atypical triphasic waves of CJD ( Figure S1 , Table S1 ). In DWI and T2 brain magnetic resonance imaging, high signal intensity findings were observed throughout the cerebral cortex of bilateral basal ganglia, frontal lobe, parietal lobe, and parietal lobe, except cerebellum and occipital lobe ( Figure 1A ). F-18 FDG positron emission tomography showed severe decreases in the metabolism of both cerebral cortexes, except for the primary sensory motor cortex and occipital lobe. The metabolisms in both basal ganglia, thalamus, and cerebellum were moderately reduced ( Figure 1B ). There was no leukocyte and red blood cell in CSF upon examination, and glucose and protein levels were normal (Table S1 ). Results of 14-3-3 protein in CSF by Western blot provided a weakly positive signal. Enzyme-linked immunosorbent assays of Aβ42 and total tau in CSF was performed. The decreased levels of Aβ42 (196.8 pg/mL) with significantly elevated total tau protein concentrations in CSF (1023.7 pg/mL) were observed. Apolipoprotein E (APOE) genotype for the patient was 3/3. The proband (II-1) did not have any previous family history of CJD; however, the exact family history of disease could not be defined. Different disease phenotypes were present in his family (Figure 2 ). His father died of colon cancer with complications from pneumonia at age 65 (I-1), and did not develop any cognitive dysfunction. His mother presented symptoms of dementia without proper diagnosis and died at the age of 75 (I-2). His sister (II-2, 4 years younger) was diagnosed with mild cognitive decline, but did not present similar phenotypic symptoms as the proband patient. She was registered as an outpatient by the Korean Veteran's Hospital and refused genetic analyses.
Genetic screening and in silico analysis
An extensive genetic screening was done using a 50 causative and risk factor genes for different neurodegenerative disorders. 16 Next generation sequencing and verification by standard Sanger sequencing were carried out by Theragen Sequencing data were analyzed using the NCBI Blast (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and the chromatograms were screened using the DNA BASER (http://www. dnabaser.com) tool. Rare variants were screened against reference databases, such as the Korean Reference Genome Database (KRGDB; http://152.99.75.168/ KRGDB/menuPages/intro.jsp), Broad Institute's Genome Association Database (gnomAD, http://gnomad.broadinsti tute.org), and 1000 Genomes (http://www.1000genomes. org/) databases. Penetrance of novel prion variant was estimated. The gnomAD database was used as reference, and calculation method was described by Minikel et al (2016) , where the upper bound of the 95% confidence interval (CI).
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The possible pathogenic nature of missense variants was predicted using simple online tools, such as PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2), Sorting Intolerant from Tolerant (SIFT; http://sift.jcvi.org/), and PROVEAN (http://provean.jcvi.org) algorithms. 19, 20 ExPasy analysis was also performed (https://www. expasy.org/) using different parameters, such as Kyte and Doolittle hydrophobicity index, bulkiness, and polarity. Mutant and normal prion protein structures were compared by 3D modeling. Protein structures were built using the Raptor X web server (http://raptorx.uchicago.edu/), while Discovery Studio 3.5 Visualizer (Accelrys, San Diego, USA) was used to display the 3D images. 21 
Experimental results
A missense variant was found in the PRNP gene, p. Tyr225Cys (c.674A>G; p. Y225C; Figure 3 ). No literature was available on this variant in regard to any disease phenotype. PRNP Tyr225Cys was not found in KRGDB of asymptomatic Korean individuals. This variant was also absent in the database of 1000 Genomes. In GnomAD database, its frequency was 0.000003978 ("singleton"), and a variant was found in one North-Western European female individual. The patient carried the wild type allele for both codon 129 (Met/Met) and codon 219 (Glu/Glu). No pathogenic or risk mutations in AD, FTD, or Parkinson's disease) were found. Based on the calculation of Minikel et al (2016) 18 and on GnomAD database, the penetrance of the mutation may be low, resulting 0.23% (95% CI 0.0007, 7.3). PolyPhen-2 predicted the variant to be "possibly damaging" with scores of 0.920 and 0.528 HumDiv and HumVar analyses, respectively. Multiple sequence alignment by PolyPhen-2 revealed Tyr225 as a conservative residue among primates, and the amino acid tyrosine appeared in homologous residue from several species, such as squirrel monkey, marmoset, cynomolgus monkey, and mouse lemur. SIFT also predicted the variant as damaging with a score of 0.001; however, PROVEAN suggested p.Thr225Cys as neutral with a score of −2.42.
ExPASY ( Figure 4A ) analysis revealed that the Kyte and Doolittle hydrophobicity index showed a significant elevation in hydrophobicity scores due to the variant (from −1.889 to −1.467), which affected the scores of the surrounding amino acids. The bulkiness score of this variant was also decreased from 13.02 to 12.512. Polarity scores were similar between the normal PrP and the PrP with p. Tyr225Cys, but a minor decrease in score could be seen in the case of Cys225 (from 9.167 to 9.089).
Compared to normal PrP, 3D modeling revealed structural changes in the PrP with p.Tyr225Cys ( Figure 4B-C) . It was predicted that Tyr225 may have long-range hydrophobic interactions with Met166, which could play a crucial role in prion protein structure. 22 Superimposing normal and mutant prion proteins revealed longer distances between Met166 and Cys225 in comparison with Met166 and Tyr225. The smaller and less hydrophobic cysteine residue results in abnormal movement of the α3 helix ( Figure 4B ). Interactions inside the protein were also altered due to the variant. In the normal PrP, Tyr225 can form a hydrogen bond with Gly229 only. In the case of Cys225, the contact with Gly229 may disappear. In addition, Tyr/Cys exchange could generate new hydrogen bonds with Gln227 and Arg228, which changed the shape of α-3 helix. In the mutant protein, the last fold of α-3 helix may tend closer to the C-terminal loop region, resulted by the stronger contact with the loop ( Figure 4C )
Discussion
In this study, a novel PRNP variant p.Tyr225Cys was described in a patient with atypical CJD. This variant was previously unrecognized, and it did not appear among Asian populations confirmed by KRGDB, 1000 Genomes, and GnomAD databases. In GnomAD, one European individual possessed the p.Tyr225Cys variant. Thus far, no report was available on p.Tyr225Cys in regard to any disease phenotype, and it was defined as "singleton" or a very low-frequency variant. 18, 23 Penetrance of this variant was suggested to be small. Several rare missense variants in PRNP appeared in control group in the GnomAD database. Rare variants found in few patients and/or unaffected individuals could be difficult to classify especially without family history. It would be complicated to estimate the pathogenicity of prion variants, neutral or possibly progressions into disease phenotype.
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The patient had a quite long duration of disease (more than 5 years), suggesting an atypical phenotype of CJD with slowly progressing dementia or atypical triphasic waves in EEG. Several PRNP variants could be associated with atypical form of CJD with longer duration of the disease and diverse unusual phenotypes (Table 1) . 24 Several cases of PRNP Val180Ile were also reported as atypical CJD cases with slow progressions, negative for 14-3-3 protein marker test, and without periodic sharp wave complexes in EEG signal. [25] [26] [27] Interestingly, a PRNP Glu196Lys mutation was observed from an Italian CJD patient who developed rapidly progressive cognitive decline and personality changes without motor dysfunction. EEG was negative for periodic activities, and the family history was unclear. This patient was initially diagnosed with FTD. 28 Secondly, PRNP Gly114Val was detected in a young onset CJD patient (24 years of age) with long duration of the disease (5 years). Penetrance of this variant could not be confirmed, and the patient was negative for the 14-3-3 marker. 29 Thirdly, a heterozygous octapeptide insertion with long disease progression (4-13 years) was reported from American families with early onset CJD (25-35 years). Studies from brain tissues revealed a low degree of PrP amyloid accumulation. 29 Decreased levels of Aβ42 (196.8 pg/mL) with significantly elevated total tau protein concentrations in CSF (1023.7 pg/mL) were observed, which could suggest both AD or CJD. Even though elevated levels of total tau in CSF could generally be markers for neurofibrillary lesions and tangles in both AD and CJD, higher tau levels were observed from CJD patients than AD. Oftentimes, the neurofibrillary pathology may not be prominent in CJD patients, and the increased total tau concentrations in CSF would suggest and correlate with significant neuronal loss. 31 Similar to patients with AD, patients with CJD may also present with reduced Aβ42 concentrations in CSF. 31 However, the reduced Aβ42 levels in patients with CJD may not correlate with amyloid deposits. Reasons of reduced Aβ42 in patients with CJD remained unclear: a possible carrier may mask the Aβ42 epitopes. The other putative explanation could be a putative alternative cleavage of Aβ42 peptides. An additional hypothesis suggested the influences in the metabolism of amyloid beta productions by normal PrP.
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Family history of the proband patient remained unclear, since all living family members refused genetic testing, and no additional relative of patient was reported to have similar symptoms. Even though his mother and sister were diagnosed with dementia and mild cognitive decline, respectively, the diagnosis could not be confirmed, prohibiting the segregation analyses. The possible familial case of mutation should not be ruled out since diverse disease phenotypes may be possible in genetic prion disorders. For example, Pro102Leu was verified as the most common GSS-causing mutation, but age of onset and phenotypes could vary. Besides the GSS patients, additional phenotypes such as CJD or AD-like symptoms could also possibly appear in the same family. 33, 34 Codon 129 may be a genetic modifier in terms of human prion disorders, and may be different in familial, sporadic or variant CJD patients. A genotype of codon 129 carried the homozygous Met/Met allele in the proband patient. Due to the long duration of the disease, the age of onset, cognitive decline, and the clinical symptoms were observed to be similar to the cases in the sporadic CJD with MM2 haplotype. Interestingly, the homozygous Met/ Met phenotype may slightly favor the familial form of the disease.
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Cys179 and Cys214 were two cysteine residues in the α2-α3 helices in stabilizing the structure. Since disturbing the disulfide bridge may play a critical role in PrP C to PrP Sc conversion, our Cys225 may thus disturb or destabilize the conformation of PrP. [36] [37] [38] It may be also possible that an additional cysteine in α2 or α3 helices (such as Cys225) residue could increase the risk for shuffling of disulfide bridge. 39, 40 Disulfide bridge could affect the conversion of PrP C to PrP Sc , and its disulfide bridge exchange may increase the prion propagation or its cleavage may enhance the formation of PrP Sc . In addition, cleavage of native disulfide bond could result in intermolecular disulfide bridge, forming dimer. 41 Exchange of cysteine to or from another residue in NOTCH3 protein was responsible for impaired structure and functions of the protein, leading to the cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL). An unpaired cysteine could result in possible abnormal intraor intermolecular interactions of NOTCH3 protein. 42, 43 PRNP Tyr225Cys mutation is located in the C-terminal region of 3 rd helix in prion protein. Four pathogenic or probable pathogenic mutations were described in the nearby region, such as Gln217Arg, Tyr218Asn, Tyr226Ter, and Gln227Ter (Table 2. ). 11, [44] [45] [46] None of them were associated with typical GSS or CJD, but FTD-like or AD-like symptoms were common in them. Instead, patients with these presented diverse disease phenotypes, such as AD-like pathology, FTD or GSS. Patient with Tyr225Cys was diagnosed with atypical CJD, but FTD-like symptoms (language impairment, behavioral changes) and brain atrophy also affected the frontotemporoparietal region. Patients developed the disease phenotypes in their late 40s or early 60s. All of these mutations were associated with relatively long disease duration, when age of death occurred 2-13 years after the age of onset. Expect of Tyr226Ter, all mutations Several limitations were observed in this study. Firstly, since the patient's family members did not agree to undergo genetic testing, segregation analysis could not be performed. Although no family member was affected with CJD, it could not be verified whether the variant was present only in the proband patient. Moreover, a brain biopsy could not be performed to confirm CJD diagnosis. Another limitation was the lack of cell or animal model studies on PRNP p.Tyr225Cys; thus, putative pathogenic mechanisms of the mutation could not be defined. Structural predictions could be helpful in making hypotheses on the putative disturbing mechanisms of novel mutations; however, these models may not be consistent with in vivo disturbances. In silico modeling on Tyr225Cys could not fully demonstrate the damaging impact of mutation on prion protein. 23 
Conclusion
In this study, a novel PRNP p.Tyr225Cys variant was discovered from an atypical CJD patient with detailed clinical studies. Even though few limitations with family agreements in further genetic testing and functional studies, this report focused on reporting a unique mutation of Cys amino acid. The familial form of CJD cannot be concluded, even the mother and sister of the patient were both diagnosed with cognitive dysfunction, due to the strong refusal of the genetic testing for the segregation analysis. The putative protein structural changes of hydrophobic interactions between Tyr/Cys225 and Met166 were predicted, which may affect the protein conformations of two helices. An extra cysteine residue beside the natural disulfide bond could enhance the risk of disulfide bridge shuffling and could also affect the protein misfolding and aggregation. In the future, a follow-up cellular functional studies will be performed. PRNP Tyr225Cys will be introduced to the cell by the CRISPR/Cas system for its role in the pathogenicity and cellular functions.
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